Neurofeedback provides a non-invasive tool for altering human brain function in a targeted manner, and thus has potential for dramatic impact on both neuroscience and the clinical treatment of neuropsychiatric disorders. A number of recent studies have provided evidence that neurofeedback can be effective in modulating certain aspects of brain function and have demonstrated the clinical and basic science potential of the technique (Bu et al., 2019; deBettencourt et al., 2015; Keynan et al., 2016; Koizumi et al., 2016; Scheinost et al., 2013; Shibata et al., 2011; Young et al., 2017) . However, the general efficacy of neurofeedback, both in terms of how effective it typically is for training people to control specific aspects of their brain function, and in terms of how well such training translates into the desired clinical or behavioral changes, is largely unknown. Development and testing of the technique is an ongoing international effort that is complicated by limited knowledge regarding the optimal methods for neurofeedback training. Although a number of studies have explored how different training parameters impact efficacy (Emmert et al., 2017; Hellrung et al., 2018; Johnson et al., 2012; Oblak et al., 2017; Sepulveda et al., 2016) , many questions remain. Furthermore, the mechanism of action of neurofeedback are not well understood and debate remains regarding the specificity of its effects (Fovet et al., 2017; Schabus, 2017; Schabus et al., 2017; Thibault et al., 2017; Witte et al., 2018) .
This special issue provides a forum to address many of these issues. We provide brief descriptions below of the contributions to this issue organized into broad topic areas (Mechanisms, Methods, Feasibility studies, Clinical Applications, Basic Science Applications and Review papers). While this organization may be useful for readers with an interest in specific questions, it is intended only as a rough outline and readers should be aware that many manuscripts have implications across multiple topics.
Mechanisms
There is growing interest in how neurofeedback works (Emmert et al., 2016; Paret et al., 2018; Radua et al., 2018; Ramot et al., 2016) and the specificity of its effects (see Schabus et al., 2017 and associated commentary) . Here we include a number of papers relevant to these questions.
Both positive and negative feedback, provided via success and failure signals, can potentially contribute to neurofeedback learning. Basic science studies have explored that the processing of positive and negative feedback signals are not simple inverses of each other, but activate different neural circuits (Galea et al., 2015; Quattrocchi et al., 2018) . Zioga et al. (2019) studied EEG-based neurofeedback training, and observed event-related potential (ERP) responses to feedback events. They report that ERPs were greater for positive compared to negative feedback and that greater responses to positive feedback were followed by beneficial adjustments. They conclude that participants rely more on positive feedback, and that brain potentials following positive feedback may reflect the encoding of reinforced patterns in the brain.
The mechanisms by which neurofeedback can augment and optimize the learning induced by repeated mental imagery of motor acts were examined by Lee et al. (2019) . They compared brain patterns in an experimental neurofeedback group and in a control group that repeated the same motor imagery task without feedback. The experimental group had more consistently targeted activation patterns during mental practice after training as well as changes in the functional connectivity of relevant brain networks, providing a possible mechanistic explanation for improved motor imagery performance in the neurofeedback group.
The degree to which neurofeedback effects can be attributed to placebo or other nonspecific effects is a matter of current debate. To clarify the effects of placebo on neurofeedback learning, a double-blind, randomized trial examined the effects of sham transcranial direct current stimulation applied prior to neurofeedback training of the sensorimotor rhythm . The sham ("placebo") stimulation did not facilitate but rather interfered with neurofeedback learning, possibly due to the increased functional connectivity induced. Another contribution combines theory, modeling, and empirical data in an argument that neurofeedback effects are specific and cannot be dismissed as placebo or other nonspecific effects (Shibata et al., 2019) . The argument draws on evidence from decoded fMRI neurofeedback ("DecNef", see Shibata et al., 2011) studies that show targeted effects induced by implicit training. A model is also proposed for how learning can occur at the neuronal level during DecNef training, and data and simulations in support of this model are presented (Shibata et al., 2019) .
Methods
These papers address some of the many methodological questions and development challenges in the field of neurofeedback research.
Considering that real-time fMRI neurofeedback (NF) experiments are usually expensive and time consuming, offline optimization of NF protocols can be very useful. Ramot and Gonzalez-Castillo (2019) present a framework for evaluating and optimizing algorithms for use in real-time fMRI protocols before running the neurofeedback experiment, by offline simulations using a previously collected dataset. In an exploratory investigation, Lührs et al. (2019) investigate the potential of MR-Encephalography (MREG) for fast fMRI acquisition. This methodology is compared with a simultaneous multislice echo planar imaging (SMS-EPI) sequence in an offline analysis for three different experimental fMRI paradigms. The potential benefits of MREG for NF and brain-computer interface experiments are discussed. Using a simulation approach, Oblak et al. (2019) examined how design/preprocessing parameters relate to the decoding accuracy of fMRI activity patterns in real-time and how this impacts on NF performance. They report that predictions of their offline simulations aligned well with NF performance, validating this approach to optimization. Finally, a comparison of the performance of popular real-time detrending algorithms using both data and simulations finds generally good performance across algorithms, but differential levels of vulnerability to different types of artifacts. The incremental general linear model approach performs particularly well with performance comparable to offline analyses (Kopel et al., 2019) . Koush et al. (2019) investigate relationships between model-based and data-driven NF by means of datasets derived from alternating a visual-spatial attention task with a NF condition. The experimental results are similar between the two approaches, but only the model-based dynamic causal modeling successfully captures specific network properties. Since to define the model a priori is not always possible, the exploratory data-driven approach might serve as a tool that provides rough clues of target components for post-hoc modeling. Accordingly, they suggest a unique hybrid approach combining model-based and data-driven analyses.
Care must be taken when mental strategies are assigned during NF that regulation of the targeted aspect of brain function is feasible in the context of the assigned strategy. Mehler et al. (2019) examined BOLD responses in the primary motor cortex and the supplementary motor area (SMA) during a graded fMRI NF intervention involving kinesthetic motor imagery. Participants were unable to activate primary motor cortex, but did successfully modulate activity in the SMA , suggesting the SMA may be a more suitable target for motor imagery based neurofeedback. Huang et al. (2019) propose an EEG-based NF system that gives autogenic closed-loop stimulation that reinforces a targeted EEG oscillation. They find that visual stimulation phase synchronized to ongoing occipital alpha wave potentiated its amplitude. This work contributes to the development of a neuromodulatory system that does not require participants' voluntary effort.
Feasibility Studies
Whether specific NF approaches can be useful for modulating cognitive, perceptual or emotional processes of interest is generally explored first in feasibility studies involving either offline analyses or test data collected from healthy populations. A number of feasibility study results were reported in this issue.
First, two different classification approaches for discriminating magnetoencephalography measures of brain activity during mindfulness and thought-inducing tasks were tested. Abovechance performance was found on an individual subject level for both, suggesting that these classifiers hold some promise for individualized NF training of mindfulness (Zhigalov et al., 2019) .
Another study investigated whether NF was useful in augmenting a reality check cognitive strategy for emotion regulation. Amygdala down-regulation was trained while participants were instructed to employ a reality check strategy in response to negatively valenced emotional images (Herwig et al., 2019) . NF subjects were more successful at down-regulation than a control group who employed the same reality check strategy and received sham feedback, and differences in functional connectivity were identified (Herwig et al., 2019) .
NF training down-regulation of the auditory cortex is of interest as a potential tool for treating clinical disorders such as tinnitus. To explore the feasibility of such training, a study in healthy subjects trained down-regulation of the auditory cortex in the presence of noise and in the context of directed attention strategies, using a yoked-sham control group (Sherwood et al., 2019) . The experimental group showed success in learning to down-regulate the target region, as well as changes in resting perfusion and decreases in activation to noise in the target region after the training. However, no attentional improvements specific to the experimental group are reported (Sherwood et al., 2019) .
Building on existing studies that have reported success in using fMRI NF to upregulate brain circuits involved in empathy (Moll et al., 2014; Yao et al., 2016) a NF trial trained healthy subjects to upregulate the anterior insula while listening to auditory recordings of emotional expressions and compared results with a control group trained on a region of the cerebellum (Kanel et al., 2019) . Participants in the experimental group (but not the control group) learned to upregulate the target area. Improved up-regulation was correlated with low baseline empathic traits, suggesting low-empathy subjects were most influenced by the training (Kanel et al., 2019) .
Finally, a motor imagery based brain-computer interface (BCI) was demonstrated to be effective at reducing intracortical inhibition specifically to the agonist (and not the antagonist) muscle (Takemi et al., 2018) . This supports the feasibility of effector-specific training using this form of BCI for patients with paralysis.
Clinical Applications
The clinical potential of neurofeedback for treating and studying neuropsychiatric illness is a highly anticipated area that requires further research.
A registered, double-blind clinical trial training patients with Fibromyalgia to control an EEG "fingerprint" of amygdala activity yielded improvements in objective measures of sleep quality after training in the NF but the not the sham group . Interestingly, at long term follow up (months to years later) the neurofeedback subjects also exhibited improvements in subjective measures of pain and sleep experience.
A randomized clinical trial tested a new NF intervention for overweight and obese subjects (Kohl et al., 2019) . The active group was trained to upregulate a cognitive control region in the dorsolateral prefrontal cortex (dlPFC) while a control group was trained to up-regulate visual cortex. Surprisingly, both groups up-regulated the dlPFC and decreased their rating of the appeal of high-calorie foods at follow-up. It's unclear if effects in the control group were driven by co-activation of the dlPFC, or by nonspecific effects. This study has similarities to Mehler et al. (2018) in that the control group also regulated the target area and showed similar clinical effects to the experimental group. The findings from these studies may be taken as suggestive of a generally therapeutic effect of neurofeedback training that is independent of the specific target. Alternatively, they can be seen as highlighting the difficulty of identifying regions of the brain that can be used as control regions that are truly independent of the target circuitry and the psychological processes of interest. Examination of the patterns of baseline functional connectivity between target circuitry and control regions may be helpful in clarifying this issue and in selecting independent control regions in future studies.
A previously published manuscript reported that NF from right inferior frontal cortex yielded increased activity in the target region in adolescents with Attention Deficit Hyperactivity Disorder (Alegria et al., 2017) . Following up on this report, functional connectivity analyses of the up-regulated target region were conducted. Increases in the magnitude of existing functional connections were found in the last relative to the first training run (Rubia et al., 2019) . These changes were specific to the active group and correlated with clinical improvement.
A double-blind, randomized, and bidirectional neurofeedback study was conducted to investigate connectivity changes resulting from fMRI-based NF in healthy individuals and patients with schizophrenia with auditory verbal hallucinations (Zweerings et al., 2019) . This study found that down-regulation training that targeted anterior (IFG) and posterior nodes (pSTG) of the left-hemispheric language network modulated the coupling between the language network and the default-mode network. This result supports the potential of NF for modifying hallucination relevant circuitry.
An analysis of open-access data from the Rockland Sample Real-time Neurofeedback project (http://fcon_1000.projects.nitrc.org/indi/enhanced/studies.html) explores relationships between age, psychiatric history, baseline resting state functional connectivity patterns, and successful learning of up-and down-regulation of the default mode network (Skouras and Scharnowski, 2019) . A number of interesting findings emerge, including the somewhat surprising findings that adults with a psychiatric history both outperform healthy subjects in default mode up-regulation, and (in contrast to healthy subjects with no psychiatric history) do not show decreased self-regulation with age.
Long-term effects of NF have been reported in several studies (Kotchoubey et al., 1997; Megumi et al., 2015; Robineau et al., 2017; Surmeli et al., 2012) but the temporal pattern of clinical or behavioral change following NF has not been characterized. Rance et al. (2018) examine clinical changes following neurofeedback in two different NF clinical trials (training different brain areas in different patient groups). Interestingly, the trials share a pattern of symptom improvement that continues to develop for several weeks after completion of the training, stressing the need for follow-up evaluations in rtfMRI NF studies.
Basic Science Applications
If NF can provide a safe, non-invasive approach that can be effectively used to modify many different aspects of brain function, it may prove transformative for human neuroscience research. The ability to safely and precisely perturb specific aspects of brain function and examine the downstream effects on mental function, and on other aspects of brain function, allows an exploration of the causal relationships between the brain and the mind, or between different aspects of brain function, as has been illustrated in prior publications for specific applications (e.g., Cortese et al., 2016; deBettencourt et al., 2015; Koizumi et al., 2016) . In addition, NF provides unique opportunities to examine mechanisms of plasticity and selfregulation in the brain (e.g., Emmert et al., 2016; Paret et al. 2018; Radua et al., 2018) . The papers in this section explore utility of this technique for addressing a variety of basic science research questions. Vukelić et al. (2019) examines the relationship between regional EEG beta-band in response to kinesthetic motor imagery and the distributed alpha-band network. They find that modulation depth of the induced beta-band response in the sensorimotor cortex during hand motor imagery, aided by EEG NF with robotic orthosis action, is entrained with intra-and interhemispheric alpha-band networks. Furthermore, the association between beta-and alphaoscillations differs between right-and left-handers. Such empirical findings in EEG may further our understanding of the nature of oscillatory brain activity, and accelerate research on the sensorimotor network.
An fMRI study using NF to train the pattern of activity in higher order visual areas during binocular rivalry reports success in influencing the probability of a given stimulus entering awareness, supporting the potential of NF as a tool for influencing higher order perception and confirming the causal role of those visual areas in determining perception (Ekanayake et al., 2019) .
Another fMRI-based neurofeedback study shows an unique application of NF technology. The authors use NF to amplify small fluctuations of activity patterns in the temporal lobe, facilitating identification of a relationship between brain activity and cognitive performance.
The study finds that neural context reinstatement, measured as multi-voxel pattern analysis based decoding accuracy, is positively associated with a better recall of words from the reinstated context (deBettencourt et al., 2019) . In addition to informing our understanding of the neural substrates of memory recall, the study helps expand the possibility of NF technology as a tool for both basic science and neural engineering.
Despite the mounting evidence of the impact of NF on brain function and behavior, the impact of NF on brain structure remains to be fully explored. In a randomized, double-blind and shamcontrolled study, Marins and colleagues (Marins et al., 2019) investigated the influence of pattern classification-based NF during a few sessions of rtfMRI NF training involving motor imagery. Besides functional connectivity changes, the experimental group had fractional anisotropy (FA) increases in the sensorimotor segment of the corpus callosum, suggesting that white matter FA changes may occur following short NF training. Kim et al. (2019) used neurofeedback to probe the interactions between neural networks and mindfulness. They applied mediation analysis to model interactions between neural networks in the triple network model (Menon, 2011) and provided a training signal representing the regression slope from the salience network activity to the default-mode network activity, that is adjusted for central executive network activity. The functional relationship between the salience and default mode networks was correlated with mindfulness scores during the training. Their findings encourage further testing of whether voluntary mental regulation of these network relationships via a neurofeedback paradigm can have quantitative influences on mental and behavioral scores.
Review papers
Given the rapid growth of neurofeedback research in recent years, review papers have become an important tool for navigating the existing literature. Furthermore, after two decades since the first implementations of real-time fMRI (rtfMRI) (Cohen, 2001; Cox et al., 1995) , many pressing questions still need answers for a better optimization of rtfMRI neurofeedback (NF) protocols. For example, it is still unclear why some participants cannot learn brain selfregulation, which are the optimal experimental NF protocols, or which control conditions are best for testing a particular hypothesis that links brain self-regulation and behavior, to name just a few. Several review articles in this special issue address these topics. Paret et al. (2019) review the literature to address four main questions: how to choose the brain area targeted for the training (including which control conditions are best), how to guide the trainee (e.g. whether to provide explicit mental strategies for self-regulation or not), how to personalize the training, and how to monitor it (e.g. how to measure self-regulation success rates). Cohen Kadosh and Staunton (2019) discuss the psychological factors that influence NF success, reviewing the literature that explores the effect of motivational factors, mood, and personality, and stressing the importance of attentional abilities as a key predictor of successful self-regulation.
The literature of fMRI neurofeedback studies training emotion regulation has grown to include more than fifty manuscripts. Linhartová et al. (2019) review this work. For each study, the aspect of brain function trained, the task (up-or down-regulation), the instructions given to participants, the stimuli used, the population studied, and the type of control employed (if any) are documented and relationships of these variables to successful emotion regulation training are discussed.
Finally, Sorger et al. (2019) address an important question that frequently arises when planning a fMRI-NF study: what is the most rigorous, ethical, and robust control condition for testing the experimental hypothesis? Given that several factors have to be considered in order to establish a causal relationship between brain self-regulation and behavior (neurophysiological specificity, placebo effect, expectations, motivation, etc.) the article discusses the pros and cons of several control conditions, and proposes further guidelines for future studies.
Summary
There is growing interest in neurofeedback as a potentially powerful tool for both clinicians and neuroscientists. However, a great deal of development is needed to optimize and test this technique. The papers in this issue demonstrate a wide variety of potential uses for neurofeedback, examine it's efficacy in different applications, explore the mechanisms underlying it's effects, and lay the groundwork for addressing the daunting challenge of identifying optimal design parameters for neurofeedback studies. We hope this special issue provides not only an overview of the state of the field, but also a practical foundation for future development of this promising technique.
